We have updated the chemical model of IRC110216 developed by Millar, Herbst & Bettens to include recent routes to the formation of sulphuretted hydrocarbons. The routes are based on a quantum chemical study of the S1C 2 H system. In addition, we have altered the parent species for sulphur to reflect new observational results. We find that the model calculations give excellent agreement with the observed column densities, and discuss the significance of these reactions to the formation of species as yet unobserved and to dark interstellar clouds.
I N T R O D U C T I O N
Molecular line observations of the carbon-rich asymptotic giant branch star IRC110216 (CW Leo) have shown it to be a rich source of organic molecules, particularly carbon-chain species. The formation of these chains in the outer circumstellar envelope (CSE) is thought to have been initiated by the photochemical break-up of parent species by the interstellar radiation field. Parent species are formed in the interior regions of the envelope where the interstellar field cannot penetrate, and may be the result of local thermodynamic equilibrium (LTE) formation, shock chemistry or grain surface reactions. More recently, it has been suggested that the radial distributions of certain molecules, for example C 2 H, C 4 H and C 6 H (Guélin et al. 1999) , indicate that the photochemical models may be incomplete since the molecular emissions all peak at the same radial distance from the star, indicating contemporaneous formation, perhaps via evaporation or destruction of grains or grain mantles, rather than by sequential gas-phase reactions which use smaller species to build larger ones.
None the less, it is quite striking that the gas-phase photochemical models have provided such good agreement with the observed radial column densities and have successfully predicted column densities in advance of observation. Millar, Herbst & Bettens (2000, hereafter MHB) have presented the results from the most detailed photochemical model yet of the CSE surrounding IRC110216. For hydrocarbons and nitriles they find agreement to within a factor of 2-3 for the column densities of 14/20 molecules, with the largest discrepancies occurring for C 7 H and C 8 H.
MHB included the species C 2 S, C 3 S and C 4 S in their calculations but did not compare the calculated column densities of these species with those observed. These species also provide a test of the photochemical model as well as constraining the nature of the parent sulphur molecule(s). The major parent for carbon chemistry is acetylene, C 2 H 2 , which is observed in the infrared to have a large abundance in the inner envelope at around 12 R * . For sulphur, the situation is less clear. SiS is observed in the infrared but its abundance falls off close to the star, probably through accretion on to dust grains. Bieging & Tafalla (1993) found that the emission of SiS is peaked on the star but rapidly decreases, by a factor of about 20, before being photodissociated away much further out. Because the fractional abundance of SiS is low in the region in which photons become important, MHB assumed that H 2 S acted as a parent with a fractional abundance of 10 26 . The evidence for this is weak, however, with LTE calculations typically predicting a fractional abundance of a few times 10 28 (Markwick 2000) , although, as is the case for other simple hydrides, H 2 S could be formed on grains outside the LTE region. Subsequently, Highberger et al. (2000) have detected vibrationally excited CS in IRC110216 with small linewidths, indicating that the transitions arise in the inner envelope of the object, before the gas has reached its terminal velocity of about 14.5 km s 21 . Their abundance analysis indicates a column density of CS in the v ¼ 1 state of 2-6 Â 10 16 cm 22 at around 14 R * and, by adopting a vibrational excitation temperature of 500 K, a fractional abundance of 2:4-7:6 Â 10 25 at this distance. This high value agrees with the LTE calculations which predict that CS takes up about 50 per cent of the total sulphur abundance (Willacy & Cherchneff 1998; Markwick 2000) . CS thus appears to be a strong candidate for providing sulphur to the outer CSE. eventually releases reactive S and S + which can form C n S species by, for example,
where reaction (1) has a measured rate coefficient of 9:5 Â 10 210 cm 3 s 21 (Smith et al. 1988 ). An alternative route to form HC 2 S + is
although no rate coefficient has been measured for this reaction. Reactions similar to (1) can lead to the formation of species such as C 3 S, C 4 S, C 5 S,…. In addition to these ion -neutral reactions, neutral -neutral reactions can also form C n S species: for example,
Because of the large abundance of C 2 H which forms from the photodissociation of parent C 2 H 2 ½NðC 2 HÞ , 4 Â 10 15 cm 22 is observed], the formation of C 2 S might be very efficient through this route. In addition, reactions of C 2 H 2 and its immediate daughters also form C 4 H efficiently through
followed by recombination and photodissociation. As a result, C 4 S might also be abundant if reactions of type (4) are rapid. A further reason for suggesting that reactions such as (4) might dominate is that reaction (1) involves a parent molecule, C 2 H 2 , and a secondgeneration daughter, S + ðXS ! S ! S 1 , for X ¼ C, Si). Given the nature of the outflow, these species are not at their maximum abundances at the same radial distance. In contrast, S and C 2 H are first-generation daughters and overlap spatially much better.
MHB considered reactions of the type (1), (2) and (4) in forming C n S. For the S 1 C 2 H reaction they adopted a rate coefficient of 5 Â 10 211 cm 3 s 21 , identical to that used for the reaction
Recently Flores et al. (2001) have made a detailed quantum mechanical calculation of the S 1 C 2 H reaction. That work presents ab initio computations of the potential energy surfaces of the SC 2 H system, where the energy profiles for the interaction of S with C 2 H through all the levels corresponding to the ground electron configurations receive special attention. Basis set superposition errors and spin-orbit corrections are included in the computation of the energy profiles of the attractive levels. The ab initio energy profiles are combined with a long-range potential that presents induction and dispersion terms up to r 27 , as well as an electrostatic dipole -atomic quadrupole potential with an r 24 dependence. The dynamical method includes classical trajectory computations for the capture step together with an RiceRamsperger -Kissel -Marcus (RRKM)-type treatment of the evolution of the reaction complex. The results point to rather high rate coefficients, which may have upper bounds ranging from 2:6 Â 10 210 to 3:5 Â 10 210 cm 3 s 21 in the temperature interval T ¼ 60-500 K. These values are a factor of 5 or so larger than that adopted by MHB. Because of the potential significance of this reaction in the synthesis of C 2 S and the realization that CS can act as a parent species, we have repeated the calculation of MHB using this new rate coefficient and an initial CS fractional abundance of 4 Â 10 26 . This is about an order of magnitude less than that derived by Highberger et al. (2000) but in agreement with the infrared measurements of CS by Keady & Ridgway (1993) , and is consistent with the decrease in the CS abundance from its LTE value owing to shock chemistry just above the photosphere (Willacy & Cherchneff 1998) . We note here that MHB used a photodissociation rate for CS an order of magnitude smaller than that in the UMIST Database for Astrochemistry. The correct value has been used in models (ii)-(v) below. Fig. 1 shows the radial distribution of the fractional abundances for the two cases in which the new rate coefficient for the S 1 C 2 H reaction is included (left-hand panel) and when, in addition, CS is a parent (right-hand panel). Table 1 compares the calculated radial column densities with those observed. The table presents the results of a number of models: (i) that of MHB, with no CS as a parent, and a low rate coefficient for S 1 C 2 H; (ii) this model but with the rate coefficient for the reaction increased to the value calculated by Flores et al. (2000) ; and (iii) as model (ii), but with an initial CS fractional abundance of 4 Â 10 26 . For this case, we also give the radii at which the fractional abundances of the various molecules have their maximum values. We include the formation of C 3 S by reaction (8), which we estimate to be exothermic by , 13 kcal mol 21 , here.
D I S C U S S I O N
The MHB model -model (i) -does not give good agreement with the observations of C 2 S and C 3 S, predicting column densities lower by factors of 5 and 10-70, respectively. The new rate coefficient calculated for the S 1 C 2 H reaction increases the column density of C 2 S by a factor of about 3, making it much closer to that observed [model (ii)]. At around the peak radius, this reaction accounts for about 90 per cent of the formation rate of C 2 S, with the recombination of HC 2 S + accounting for the rest. The abundance of C 3 S is, however, similar to that of MHB and far below that required to match the observations. When reaction (8) is included, that is the formation of C 3 S using parent CS, we find excellent agreement between observation and theory [model (iii)]. The calculated column density of C 3 S is now 2:8 Â 10 14 cm 22 , slightly larger than that observed, and the maximum fractional abundance is 3:9 Â 10 27 at a radial distance of 4:8 Â 10 16 cm. This increase in the C 3 S abundance also increases that of C 2 S owing to reactions such as photodissociation and dissociative recombination of protonated C 3 S which are assumed to produce C 2 S in some fraction of the cases. In this case, N(C 2 S) becomes 3:8 Â 10 14 cm 22 , slightly larger than the range observed. This excellent agreement between calculation and observation provides additional evidence for the importance of rapid neutralneutral reactions in the CSE of IRC110216 and related objects, and indicates that similar reactions may form larger organo-sulphur species. In order to investigate the likely effects, we have added the species C 5 S to model (iii), and extended our reaction set by adding all relevant loss routes and, in particular, new synthetic pathways, all spin-allowed:
with the same rates as similar reactions discussed previously. These reactions increase the radial column density of C 4 S to 7:1 Â 10 13 cm 22 , and give a column density of 3:1 Â 10 13 cm
22
for C 5 S [model (iv)]. The latter value is very close to the value of 2:5 Â 10 13 cm 22 estimated by Bell et al. (1993) from their tentative detection of the J ¼ 13-12 transition of C 5 S in IRC110216. Fig. 2 shows the radial abundances of the organo-sulphur molecules up to C 5 S. We note that there is little evidence of the abundances of larger chains peaking at larger radii from this figure, that is, we would expect the emission from these species to peak at similar distances from the star, as is seen in C 2 H, C 4 H and C 6 H (Guélin et al. 1999) .
These large abundances of organo-sulphur molecules, together with those of large hydrocarbons, could allow formation of C 4 S and C 5 S through reactions such as
We estimate, using high-level calculations, that the exothermicity of reaction (11) is , 30 kcal mol 21 , while that of reaction (12) is not yet certain, although we do find it to be exothermic. Assuming that they are exothermic and proceed with a rate coefficient of 5 Â 10 211 cm 3 s 21 , then the column densities of C 4 S and C 5 S become 8:6 Â 10 13 and 4:6 Â 10 13 cm 22 , respectively, an increase of less than a factor of 1.6 in both cases [model (v) ].
Larger chains can also form. Possibilities include reactions such as
although many of these may be endothermic, or possess barriers, or be spin-forbidden. The ground states of C n H are 2 P for n larger than 4, while those of C n S are 3 S for n even, and 1 S for n odd (Kasai et al. 1993) . Hence there are no spin-allowed reactions of CS with C 5 H, C 7 H,…, nor of S with C n H for n odd. However, reactions such as
can form the organo-sulphur chains having an even number of C atoms. C 2 S and C 3 S have also been detected in TMC-1 with column densities of 8 Â 10 13 and 1:3 Â 10 14 cm 22 , respectively Yamamoto et al. 1987 ). More recently, mapping observations of TMC-1 by Hirahara et al. (1992) gave maximum column densities of 10 14 and 2:5 Â 10 13 cm 22 for C 2 S and C 3 S, at a position about 2 arcmin south-east of the cyanopolyyne peak. To see if the reactions of S and CS with C 2 H are important in dark clouds, we have used the TMC-1 chemical model described by Markwick, Millar & Charnley (2000) . Fig. 3 shows the fractional abundances of C 2 S, C 3 S and C 4 S as a function of time (left-hand panel) and the abundance ratio of C 2 S when the additional reactions are included.
Our new rate coefficient for the S 1 C 2 H reaction doubles the calculated fractional abundance of C 2 S, increasing it from 1:5 Â 10 29 to 2:9 Â 10 29 at early time and making no difference at steady state. Although the abundance is only increased by a factor of 2 at ) for C n S molecules in IRC110216. MHB refers to Millar et al. (2000) ; 'New' incorporates the new rate coefficient for S 1 C 2 H; 'New(CS)' additionally adopts an initial CS fractional abundance of 4 Â 10 26 ; 'New(C 5 S)' includes C 5 S and reactions (9) and (10); 'New(v)' further includes reactions (11) and (12). The radii at which the abundances peak in the 'New(CS)' model are also listed. Observed column densities are taken from (1) Bell, Avery & Feldman (1993) and (2) Cernicharo et al. (1987) . early time, we note that this brings the C 2 S abundance to within a factor of 3 agreement with that observed, assuming that NðH 2 Þ ¼ 10 22 cm 22 in TMC-1. The effect of the CS 1 C 2 H reaction in increasing the fractional abundance of C 3 S is less, with the value going from 6:0 Â 10 210 to 8:2 Â 10 210 at early time, about 3 times less than the value derived by Hirahara et al. (1992) .
C O N C L U S I O N S
The recent detailed study of the S 1 C 2 H reaction has led to a rate coefficient about 5 times larger than that adopted by MHB. As a result, incorporation of the revised rate coefficient into the MHB model increases the column density of C 2 S by a factor of about 3, bringing it into good agreement with the observations. We have also investigated the role of CS as a parent species with an initial abundance of 4 Â 10 26 . This not only provides more sulphur compared with the MHB model, which adopted an initial abundance of H 2 S of 10 26 , but may also take part in chemical reactions itself. If it is reactive with C 2 H, it increases the calculated column density of C 3 S by a factor of about 50, giving excellent agreement with that observed. We have also investigated the formation of C 4 S and C 5 S and find that they have column densities in excess of 10 13 cm 22 , with the column density of C 5 S being in very good agreement with that derived, , 2:5 Â 10 13 cm 22 , from a tentative detection in IRC110216 (Bell et al. 1993) , consistent with formation from the CS 1 C 4 H reaction. Reactions of S with C n H with n even could form even larger C n S molecules in this object.
In cold dust clouds, these reactions can also be significant for the formation of C 2 S and C 3 S. We find that they increase the early-time abundances of C 2 S and C 3 S by factors of about 2.5 and 1.4, respectively. Potentially, reactions of S and CS with larger carbonchain molecules could be important in forming larger organosulphur molecules. Such reactions need to be studied theoretically or experimentally.
AC K N OW L E D G M E N T S
Astrophysics at UMIST is supported by a grant from PPARC. We are glad to acknowledge financial support from government of the autonomous community of Galicia (projects PGIDT99PXI30102B and PGIDT00PXI30104PN) and the Spanish Ministry of Education (project PB98-1085).
